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Abstract - This study is aimed at comparing two traditional methods of drying of enzymes and at verifying 
the efficiency of each one and their advantages and disadvantages. The experiments were performed with a 
laboratory spray dryer and freeze-dryer using α-amylase as the model enzyme. An experimental design in star 
revealed that spray drying is mainly influenced by the inlet air temperature and feed flow rate, which were 
considered to be the main factors influencing the enzymatic activity and water activity; the long period of 
material exposure to high temperatures causes a partial activity loss. In the experiments of freeze drying, three 
methods of freezing were used (freezer, acetone and dry ice, and liquid nitrogen) and samples subsequently 
freeze-dried for times ranging between 0-24 hours. The product obtained from the two techniques showed 
high enzymatic activity and low water activity. For the drying of heat-resistant enzymes, in which the product 
to be obtained does not have high added value, spray drying may be more economically viable because, in the 
freeze drying process, the process time can be considered as a limiting factor when choosing a technique.  






The use of dehydrated enzymes for industrial 
applications has become increasingly common, es-
pecially in formulations of pharmaceuticals and 
food (Samborska et al., 2005; Namaldi et al., 2006; 
Kurozawa et al., 2009; de Jesus and Maciel Filho, 
2011). Among the most used enzymes we can mention 
α-amylase. Alpha-amylase (1,4-α-D-Glucan glucano-
hydrolase; EC 3.2.1.1) is an endoenzyme that breaks 
down starch by hydrolysis to maltose (Lévêque et al. 
2000). Alpha-amylase is widely used in the food and 
pharmaceutical industries, laundry detergents and in 
“desizing” in textiles (Sivaramakrishnan et al., 2006; 
Biazus et al., 2009; de Jesus and Maciel Filho, 2011). 
The drying of enzymes has commonly been carried 
out by spray drying and freeze-drying (Çakaloz et al., 
1997; Maa et al., 1998; Heller, 1999; McLoughlin et 
al., 2003; Samborska et al., 2005; Kudra, 2008; Santos 
and Silva, 2008). 
Spray drying is a common method for producing 
powder from a liquid. During the process, the liquid 
is initially atomized into a chamber of heated air, 
creating a spray of fine droplets. The solvent quickly 
evaporates under these conditions, forming dried 
particles. These particles are then separated, by 
means of a cyclone, into a collection container at-
tached to the unit (van Deventer et al., 2013). Some 
advantages of spray drying include the ability to 





626                                     S. S. de Jesus and R. Maciel Filho 
 
 





lyophilization) and the ability to control the particle 
size distribution. Some examples of the limitations of 
spray drying include the efficient particle collection 
and the potential instability of materials sensitive to 
high temperatures (McLoughlin et al., 2003). Even 
so, a growing number of studies have confirmed the 
promise of spray drying to produce dried biophar-
maceuticals (Samborska et al., 2005; Namaldi et al., 
2006; Sivaramakrishnan et al., 2006; Kurozawa et al., 
2009). 
Also known as lyophilization, freeze-drying is a 
method of preservation of food and biological mate-
rials (enzymes, proteins, vitamins, etc.), floral prod-
ucts, drugs, and whole animals. It can also be used 
for the recovery of water-damaged items from fires 
and floods. During this process, water is removed 
from the material by sublimation while the material 
is still frozen. The frozen material is cooled to ap-
proximately -29 °C. Freeze-drying requires pressures 
lower than 5.33 mbar (evaporation from the frozen 
state) and long drying times, considerably increasing 
the cost of the process (Drouzas and Schubert 1996). 
The material is placed on trays in a refrigerated vac-
uum chamber, and heat is carefully applied by con-
duction. As a result, any water in the material is 
changed directly from ice to water vapor without first 
changing into water (Douglas et al., 2000; Biazus et 
al., 2009). Freeze-drying has been widely used for the 
preparation of various types of biological materials, 
enzymes and foods, because this procedure is be-
lieved to be effective to maintain the biological ac-
tivities of the material over a long period of time 
(Nakagawa et al., 2013). 
The aim of this study was to verify the advan-
tages and disadvantages of spray drying and freeze-
drying in the drying of enzymes for industrial use, 
using α-amylase as the model enzyme. 
 
 
MATERIALS AND METHODS 
 
The Enzyme  
 
The enzyme used was a commercial bacterial al-
pha-amylase (AQUAZYM® 120L by Novo Nordisk) 




The experiments were carried out with a boro-
silicate laboratory spray dryer Lab-plant, SD-04 
model (Huddersfield, UK), equipped with a twin fluid
spraying nozzle of 0.5 mm diameter and inside 
chamber with 50 cm height and outside diameter of 
21.5 cm. 
Five hundred grams of enzymatic broth were used 
for each drying experiment with a beak atomizer. 
During operations, five feed flow rates were used as 
follows: 0.20, 0.23, 0.31, 0.38, and 0.41 mL.min-1, 
by means of a peristaltic pump to a nozzle, where 
atomization of the solution was established using a 
pressurized air stream (Table 1). Air compression was 
0.41 bar (vacuum pump operating from 1 to 100 rpm). 
Drying air entered the drying chamber in the same 
direction as the descending spray droplets. The main 
process variable was the dryer air inlet temperature 
(130, 145, 180, 215, and 230 °C). The outlet air tem-
perature could not be controlled directly, but it was a 
function of the air inlet temperature and solution feed 
rate. Outlet air temperatures were observed as 78, 85, 
90, 111, 117, 120, 140, 145, and 156 °C corresponding 
to the feed solution rate and inlet air temperatures 
(Table 1). 
The spray dryer experiments were optimized 
through experimental design in star with two vari-
ables in order to investigate the effects of feed flow 
rate and the inlet air temperature upon enzymatic 
activity and water activity (Table 1). 
Response surface methodology (RSM) was used to 
estimate the main effects (Barros Neto et al., 2007). 
The calculation for the two value coded assay in 
star design is as follows α = (2n)1/4, where n is the 
number of independent variables. A complete 22 fac-
torial experimental design was applied to analyze the 
two variables (four experiments), with axial points 
for α = ± 1.41 (four experiments) and three experi-
ments at the central point, giving a total of eleven 
experiments (Barros Neto et al., 2007). The variables 
chosen were inlet air temperature (T, °C) and feed 
flow rate (Q, mL.s-1) and enzymatic activity and water 
activity were the response. 
Data were analyzed using the software package 




The experiments were performed with a vertical 
freeze-dryer Telstar, Cryodos –80 model (Terrassa, 
Spain). During the lyophilization process, the cham-
ber temperature was maintained at approximately -
90 °C and 0.05 mbar.  
Initially, the enzymatic broth was frozen with 
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Table 1: Coded and actual level experimental matrix of the factorial design, enzymatic activity and water 
activity (response) obtained from the spray drying process. 
 
Coded Real Response Experiment X1 X2 T (°C) T* (°C) Q (mL.s-1) EA (U.mL-1) aw 
1 -1 -1 145 90 0.23 0.77 0.47 
2 +1 -1 215 145 0.23 0.66 0.32 
3 -1 +1 145 85 0.38 0.78 0.57 
4 +1 +1 215 140 0.38 0.70 0.36 
5 -1.41 0 130 78 0.31 0.89 0.61 
6 +1.41 0 230 156 0.31 0.77 0.30 
7 0 -1.41 180 120 0.20 0.74 0.34 
8 0 +1.41 180 111 0.41 0.72 0.42 
9 0 0 180 117 0.31 0.71 0.41 
10 0 0 180 117 0.31 0.72 0.38 
11 0 0 180 117 0.31 0.71 0.39 
T* is the outlet air temperature, T is the inlet air temperature and Q is the feed flow rate. 
 
 
For each drying experiment, a glass tube of 40 mm 
in diameter containing 5.0 mL of the enzymatic broth 
was immersed in liquid nitrogen or dry ice and ace-
tone or in a conventional freezer. The freezing tem-
perature was measured by a temperature data logger 
device (OMRON E5CN model, Illinois, USA) cou-
pled with an entrance K thermocouple. The cooling 







               (1) 
 
where: W is the rate of cooling [ºC.min-1], T is the 
temperature [ºC] and Δt is the freezing time [min]. 
The samples were dried for different times (from 
four to twenty-four hours). 
The material obtained was analyzed to determine 





Alpha-amylase activity was tested using the ini-
tial solution containing 7% (m/v) soluble starch 
(substrate) at pH 6, NaCl 0.05% (w/v) and KCl 0.6% 
(w/v). The solution was incubated at 37 ºC for 5 min. 
Twelve microliters of the sample were added to 2.0 
mL of the standard assay reaction mixture (Laborlab 
S.A., São Paulo, Brazil) and incubated at 37 ºC for 
10 min. The activity of the alpha-amylase was spec-
trophotometrically determined by the increase in 
absorbance at 505 nm (spectrophotometer UV/VIS 
Sintra 10e by GBC, Australia) (de Jesus and Maciel 
Filho, 2011). 
The dehydrated material was suspended again in 
distilled water and taken to a water bath for its com-
plete solubility and soon after the enzymatic activity 
was determined according to the aforementioned 
method.  
A linear calibration curve was established by 
analyzing standard solutions of glucose between 0.13 
and 0.2 μmol.mL-1.  
One unit of enzymatic activity (U) was defined as 
1 μmol of glucose produced per minute under the 




Measurements were made using a water activity 
meter (Aqua Lab Model 3 TE Series, Decagon, USA).  
The water activity of all dried samples was 




The enzyme’s moisture content was determined 




RESULTS AND DISCUSSION 
 
The enzymatic broth initially had an enzymatic 
activity (EA) of 0.93 U.mL-1, moisture content (X0) of 
4.42 kg-H2O.kg-1 d.b. and water activity (aw) of 0.93 




Table 1 presents the results obtained for enzy-
matic activity and water activity for the 11 experi-
mental runs of spray drying completed during this 
study. The experimental design showed that the inlet 
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enzymatic activity. Studies have shown that the loss 
of activity depended primarily on the inlet flue gas 
temperature and the temperature distribution within 
the dryer (Heller 1999, Samborska et al., 2005). 
Another critical variable in spray drying is the 
outlet temperature. A low outlet temperature is neces-
sary to avoid loss of activity. In order to have a 
suitable operational policy, it is important to consider 
that the outlet temperature increased with increasing 
inlet temperature and decreased with increasing liquid 
feed rate (Table 1) (Maa et al., 1998, Arpagaus 
2012). Similarly, the outlet air temperature should be 
kept low in order to obtain high enzymatic activity in 
dried α-amylase. The important observation to be 
made is related to the fact that, for high inlet air 
temperatures and low feed flow rates, the outlet 
temperature compromises the enzymatic activity.  
The surface response shows that, for high flow 
rate and low inlet air temperature, there is a signifi-
cant increase in the enzymatic activity (Figure 1). 
When the process was carried out at the central point 
(T = 180 °C and Q = 0.31 mL.s-1), there was a con-
siderable loss of the original enzymatic activity, on 
the order of 24%; however, when the process was 
carried out at lower temperatures, there was a greater 
preservation of enzyme activity, mainly in experi-
ment number 5 (Table 1). For very high inlet air 
temperature and low feed flow rate, there is noted a 
drastic reduction in enzymatic activity (Figure 1a).  
By measuring water activity, it is possible to pre-
dict which microorganisms will or will not be poten-
tial sources of spoilage. Lower water activity of a 
dried product implies better potential for storage. 
Small aw values were obtained when the experiments 
were conducted with low flow and, mainly, high
temperatures (Figure 1b). In this case, the residence 
time of the enzymatic broth can be considered as the 
main factor for the decrease of water activity, as well 
as the increase of the temperature of the inlet gas, 
resulting in improved temperature distribution inside 
the dryer, so that the material has a larger dehydra-
tion. Furthermore, the increased temperature dra-
matically decreases the enzymatic activity (Figure 
1a); finding a good enzymatic activity/water activity 
relationship is one of the major problems involving 
the drying process of enzymes. By analyzing the 
response surface (Figures 1a and 1b), the best results 
are obtained when the process is performed at tem-
peratures around 145°C and flows of 0.23 mL.s-1. In 
this case there was a preservation of 83% of the ini-
tial activity and a water activity of 0.47. The increase 
in the temperature of the inlet air results in increased 
temperature of the outlet air due to the increased 
supply of thermal energy; with increased feed flow 
rate, the temperature of the outlet air drops signifi-
cantly due to the increased rate of water evaporation 




The freezing methods used before lyophilization 
can substantially affect the structure of the ice 
formed, the water-vapor flow during primary drying 
and the quality of the final dried product. Control-
ling how a solution freezes can shorten lyophiliza-
tion cycles and produce more stable formulations 
(Santana et al., 2010). Some proteins undergo cold 
denaturation during slow freezing or annealing, 





Figure 1: (a) Response surface: product enzymatic activity as a function of the variables feed flow rate 
and inlet air temperature; (b) Response surface: product water activity as a function of the variables feed 
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Freezing methods can alter the void–solid interfa-
cial area of a lyophilized cake and, inversely, the 
thickness of its channel walls. An increased surface 
area correlates with decreased dried product stability 
for some proteins (Santana et al., 2010). Freezing   
by immersing a glass tube into liquid nitrogen can 
result in increased protein aggregation (Santana et 
al., 2010) or decreased enzymatic activity (Sadikoglu 
et al., 2006) when compared with freezer-cooled 
samples. 
The freezing methods used in this study were 
freezing by liquid nitrogen, dry ice and acetone, and 
freezer (refrigerator). Table 2 shows the freezing 
rates obtained for the three freezing methods. A 
greater rate of cooling was obtained with liquid ni-
trogen at -195 °C. Figure 2 shows mass loss versus 
drying time and we can observe that, after 16 hours 
of drying, the residual moisture was constant. When 
the freezing was performed with liquid nitrogen, it 
was found that a period of 4 hours of drying was 
enough to achieve a product with low moisture con-
tent. Extensive investigation of primary drying has 
demonstrated that chamber pressure and shelf tem-
perature are two important parameters (Pirozzi et al., 
1996, Alzamora et al., 2003). In this work, the 
chamber pressure was maintained at approximately 
0.05 mbar and a temperature of -90 °C was used for 
all experiments. 
Figure 3 shows the enzymatic activity and water 
activity as a function of the drying time. 
The kinetics of the lyophilization showed that the 
enzymatic activity (Figure 3a) and water activity 
(Figure 3b) decreased with drying time; after 4 hours 
of process, approximately 98% of the initial enzy-
matic activity was preserved, but water activity was 
not reduced significantly, indicating a higher residual 
moisture content, except when the material was fro-
zen with liquid nitrogen. This is evidence that the 
lyophilization process is favored by higher cooling 
rates. Good results were obtained after 16 hours of 
process, since dehydrated material showed water 
activity of approximately 0.2, except when the mate-
rial was frozen in freezer, when water activity was 
higher (close to 0.4). It was observed that the freez-
ing of the material carried out with liquid nitrogen 
achieved higher enzymatic activity. After 20 hours of 
the process, it was observed that the moisture content 
remained constant for freezing with liquid nitrogen. 
Similar results were obtained after 24 hours of the 
process for the three techniques. In this study, the 
freezing method had a significant effect on the en-
zymatic activity and water activity during and after 
the drying process. 
In the freeze drying process with the enzyme α-
amylase, the enzyme activity obtained was greater 
than that in the atomization process. The activity at 
the end of the process had a preservation of ap-
proximately 95% with an average water activity of 
0.25. However, a period of 12 hours was necessary 
to reach those conditions (Figure 3). 
 
Table 2: Rate of cooling for contact with liquid nitrogen, dry ice and acetone and in the freezer. 
 
Technique of freezing Temperature  
(°C) 
Freezing time  
(min) 
Freezing rate  
(°C.min-1) 
Liquid nitrogen -195.8 1.89 103.60 
Dry ice and acetone -82.0 7.22 11.36 
Conventional freezer -35.0 243.00 0.14 
 











time (h)  
Figure 2: Drying curve of samples lyophilized after freezing with:  
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(a) (b) 
Figure 3: Influence of drying time on the (a) enzymatic activity and (b) water activity; initial freezing in 
(∆) liquid nitrogen; (○) dry ice and acetone; (□) conventional freezer. 
 
 
The process of freeze drying resulted in a more 
complete drying and preserved more enzyme activ-
ity; however, for large scale production it becomes 
economically unviable, being advisable only for 
processes which require the use of this enzyme in the 
dried form and with high catalytic activity, such as in 
the pharmaceutical industry, where the conversion of 
a substrate into a desired product cannot generate 
byproducts and the conversion rate has to be 100%. 
However, for processes with medium or low added 
value, in which there is the need to use cheaper re-
agents and substrates, the use of enzymes dried by 
spray drying becomes economically more feasible. 
However, it is noteworthy that the enzyme α-amy-
lase is a thermotolerant enzyme, being resistant to 
high temperatures. Thus, in experiments with spray 
drying, even with the high temperatures of the inlet 
air and the low feed flow rate, at least 70% of the 





In this study, we compared the efficiency of the 
spray drying and freeze drying processes for α-
amylase drying. The material dehydrated by the two 
techniques was analyzed for its enzymatic activity 
and water activity. An experimental design in star 
revealed that spray drying is mainly influenced by 
inlet air temperature and feed flow rate, which were 
considered to be the main factors influencing the 
enzymatic activity and water activity; the long period 
of material exposure to high temperatures caused a 
partial activity loss. Finally, it was verified that the 
freezing method influences the final product quality 
after the lyophilization process, and the freezing with 
nitrogen was considered to be the most appropriate.  
The product obtained from the two techniques 
showed high enzymatic activity and low water activ-
ity. For the drying of heat-resistant enzymes, in 
which the product to be obtained does not have high 
added value, the spray drying may be more eco-
nomically viable because, in the freeze-drying proc-
ess, the process time and the high energy consump-
tion can be considered as limiting factors when 
choosing a technique. Through this study we also 
conclude that the process of freeze drying is recom-
mended for the drying of thermolabile enzymes or 
processes that require the use of dehydrated enzyme 
with high enzymatic activity, whose end product is 





The authors acknowledge the financial support 
received from the São Paulo Research Foundation 





Alzamora, S. M., Tapia, M. S., López-Malo, A. and 
Welti, J., The Control of Water Activity. In: Food 
Preservation Techniques, Zeuthen, P. and Bøgh-
Sørensen, L., Ed., CRC Press, Cambridge, 126-153 
(2003). 
Arpagaus, C., A novel laboratory-scale spray dryer to 






Drying of α-Amylase by Spray Drying and Freeze-Drying – a Comparative Study                                                   631 
 
 





Barros Neto, B., Bruns, R. E. and Scarminio, I. S., Pla-
nejamento e Otimização de Experimentos. Editora 
Unicamp, Campinas (2007). (In Portuguese). 
Biazus, J. P. M., Souza, R. R., Márquez, J. E., Franco, 
T. T., Santana, J. C. C. and Tambourgi, E. B., Pro-
duction and characterization of amylases from 
Zea mays Malt. Brazilian Archive of Biology and 
Technology, 52(4), 991-1000 (2009). 
Çakaloz, T., Akbaba, H., Yesügey, E. T. and Periz, 
A., Drying model for α-amylase in a horizontal 
spray drye. Journal of Food Engineering, 31, 499-
510 (1997). 
de Jesus, S. S. and Maciel Filho, R., Optimizing 
drying conditions for the microwave vacuum 
drying of enzymes. Drying Technology, 29, 1828-
1835 (2011). 
Douglas, S. E., Mandla, S. and Gallant, J. W., Mo-
lecular analysis of the amylase gene and its ex-
pression during development in the winter floun-
der. Pleuronectes americanus. Aquaculture, 190, 
247-260 (2000). 
Drouzas, A. E. and Schubert, H., Microwave appli-
cation in vacuum drying of fruits. Journal of Food 
Engineering, 28, 203-209 (1996).  
Heller, M. C., Carpenter, J. F. and Randolph, T. W., 
Protein formulation and lyophilization cycle de-
sign: Prevention of damage due to freeze-con-
centration induced phase separation. Biotechnol-
ogy and Bioengineering, 63(2), 166-174 (1999). 
Kudra, T., Pulse-combustion drying: Status and po-
tentials. Drying Technology, 26(12), 1409-1420 
(2008). 
Kurozawa, L. E., Morassi, A. G., Vanzo, A. A., Park, 
K. J. and Hubinger, M. D., Influence of spray 
drying conditions on physicochemical properties 
of chicken meat powder. Drying Technology, 27, 
1248-1257 (2009). 
Lévêque, S., Janeček, Š., Haye, B., Belarbi, A., 
Thermophilic archaeal amynolytic enzymes. En-
zyme and Microbial Technology, 26, 3-14 (2000). 
Maa, Y-F., Nguyen, P-A., Sit, K. and Hsu, C. C., 
Spray-Drying performance of a bench-top spray 
dryer for protein aerosol power preparation. Bio-
technology and Bioengineering, 60(3), 301-309 
(1998). 
McLoughlin, C. M., McMinn, W. A. M. and Magee, 
T. R. A., Microwave-vacuum drying of pharma-
ceutical powders. Drying Technology, 21(9), 
1719-1733 (2003).  
Nakagawa, K., Murakami, W. and Hatanaka, T., 
Redistribution of protein biological activity in a 
freeze-dried cake. Drying Technology, 31, 102-
111 (2013). 
Namaldi, A., Çalik, P. and Uludag, Y., Effects of 
spray drying temperature and additives the stabil-
ity of serine alkaline protease powders. Drying 
Technology, 24, 1495-1500 (2006). 
Pirozzi, D., Toscano G. and Greco, G. Effect of 
water diffusion limitations on the thermostability 
of enzymes in non-aqueous environments. Bio-
catalysis and Biotransformation, 14(4), 285-297 
(1996).  
Sadikoglu, H., Ozdemir, M. and Seker, M., Freeze-
drying of pharmaceutical products: Research and 
development needs. Drying Technology, 24(7), 
849-861 (2006). 
Samborska, K., Witrowa-Rajchert, D. and Gonçalves, 
A., Spray-drying of α-amylase - The effect of 
process variables on the enzyme inactivation. 
Drying Technology, 23, 941-953 (2005). 
Santana, J. C. C., Araújo, S. A., Librantz, A. F. H. 
and Tambourgi, E. B., Optimization of the corn 
malt drying by use of genetic algorithm. Drying 
Technology, 28(11), 1236-1244 (2010). 
Santos, P. H. S., Silva, M., Retention of vitamin C  
in drying processes of fruits and vegetables - A 
review. Drying Technology, 26(12), 1421-1437 
(2008). 
Sivaramakrishnan, S., Gangadharan, D., Nampoothiri, 
D. K., Soccol, C. R. and Pandey, A., α-amylases 
from microbial sources – An overview on recent 
development. Food Technology and Biotechnol-
ogy, 44(2), 173-184 (2006). 
van Deventer, H., Houben, R., Koldeweij, R., New 
atomization nozzle for spray drying.  Drying 
Technology, 31(8), 890-897 (2013). 
 
